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Nauck, Michael A,, Ulrich NIedereichhoIz, Rainer 
EttJer, Jens Juul Hoist, Cathrine 0rskov, Robert Rita el, 
and Wolff H. SchtoJegel, Glucagun-Uke peptide 1 inhibition 
of gaatric emptying outweighs its insulinotropic effects in 
healthy htimana. Am. J. Physiol 373 (EndocrincL Metab. 36): 

ESftl-raiflfl. IpflY — ran^qfm-HIra r Q f H ^ a 1 (GLP-1) baS 

been shown to inhibit gastric emptying of liquid meals in type 
2 diabetic patients* It was the aim of the present study to 
compare the actio n of ^XSifilUEifiSl and ttharmacolppical 
doaea of mfcravftnftTi* at -f7 -36? amid e and GLP-I-(7— 37) 
on gastric Braptyif^ in norrri^t "voluntqey- Nine healthy 
subjects participated (26 ± 3 yi? body mass index 22.9 ± 1.6 
kg/m 2 ; hemoglobin A;e 5.0 ± 0.2%) in five experiments on 
separate occasions after an overnight- fast, A nasogastric tube 
was positioned for the deterainatf on of gastric volume by use 
. of a dye-dilution technique (phenol redX GT.F-W?— af»flTr.|fl « 

or I-g pmoj-ft^mirr^t ftT.F-m-W 0£ 
nranI-kg'\»TtthWV or placebo was infused mtr^venflylg^ 
from -30 t o 240 rain, Ahouid m»ql (50 g sucrose, 6& amino 
acida, 440 ml, 327 kcal) was administered at 0 mia. Glucose, 
insulin, and C-peptide were measured over 240 m-m. Gastric 
emptying was dose dependent^ ^ by GLP-l-H-am 

- amide (P < 0,0001). Effects of ai.P\u(7^7\ \t 1 Q 
pmol-kg-^min^ were virtually identical. GLP-1 dose fjepwv 
dently stimuJate^faatiTig insulin flftwvrtlnn f-an to Ominl 
slightly rfldiic^d rtwrrm* concentration?. After the meal (0- 
240 min), integrated incremental glucose CP < 0.0001) and 
insulin responses (P - 0,01) were reduced (dose dependency) 
rather than enhanced. In conclusion, 1 > GT,P-%f7 ^fl^^ f^itj p 
9*.t(.7.— 97) in hibi ts mntrir fnnrttvlnrr elao in nonnalsubiecfe . 

' Dhvsiolft^efll dnRPR (0.4 pmol-k^ l «min- L ) gtlll have a 

slraiflcant effect 3) despite the known insulinotropic actions 
of GLP-l-<7-.36) amide and -(7— 37), the net effect of admin- 
istering GLP-1 with a meal is no change or a reduction in 
meal-related insulin responses. These findings suggest a 
primarily inhibitory function for GLP-1 (ileal brake mecha- 
nisms). 

. 'ineretin hormones; glucagou-lito peptide H7— 36) amide; 
j pancreatic glucagon; enteroinsuinr axis 



THE EXISTENCE OF GUJCA.OaN-LIKE PEPTIDE 1 [GLP-1; 
amino acid sequence (1—37)] was predicted on the 
basis of analysis of the proglucagon gene (1), Later, it 
became dear that GLP-l-(7-36) amide and, to a lesser 
degree, GLP*l-(7— 37), are produced in L cells in the 
lower gastrointestinal tract (6, 25). Synthetic GLP-1- 
(7—36) amide and -<7— 37) stimulate insulin secretion 
in the perfused pancreas (24) and, when infused into 
humans, in both normal glucose-tolerant (15, 19) and 
type 2 diabetic (non-ii*ulin-dependent diabetic) sub- 
jects (9, 18, 21), especially at elevated glucose concentra- 
tions [glucose dependence (15, 18, 19, 21)]. As an 



msulinotropic agent, GLP-1 appears to be the pharma- 
" cologically more potent counterpart to gastric inhibi- 
tory polypeptide [GtP (15, 19)]. GLP-1, therefore, seems 
to be the, long-sought second incretin hormone, explain- 
ing the phenomenon that oral glucose elicits a greater 
insulin secretory response than is explained by the. rise 
in glycemia alone (2)* 

An* incretin role for GLP-1 would imply that physi- 
ological increments of GLP-1 plasma concentrations 
are accompanied by evidence of stimulated insulin 
secretion during the postprandial pha3e of physiologi- 
1 cal hyperglycemia. This has been demonstrated only in 
animal experiments by use of a specific GLP-1 receptor 
antagonist, exendin-(9— 39), which blocked insulin se- 
cretory responses when glucose was administered orally 
(29) or intraduodenally (14) in rats, In these experi- 
ments, anoihfirjttlteak^ the deceleration 
of gaatric emptying (3Q. 31), was not studied, and/or nacT 
little impact This inhtbitory action of GLP-1 on gastric 
emptying has been described in normal subjects (30) 
and in type 2 diabetic patients (31). In type 2 diabetic 
patients with hyperglycemia, exogenous GLP-1 in a 
pharmacological dose (1.2 pnwl ; kg- l -min" 1 ) neverthe- 
less stimulated insulin secretion and inhibited gluca- 
. gon secretion despite a near-complete standstill of 
gastric emptying (31), In 'normal subjects, the preven- 
tion of the duodenal delivery of nutrients would inter- 
fere with the rise in glycemia that amplifies the syner- 
gistic insulinotropic actions of GLP-1 (15, 19), 

Therefore, we wanted to study the effects of an 
exogenous administration of GLP-l-(7^36) amide in 
healthy volunteers fed a liquid mixed meal under 
conditions that allowed the measurement of gastric 
emptying by use of a dye-dilution, technique (phenol 
red). The dosage of GLP-1 was chosen to span the 
physiological and pharmacological range as defined by 
previous studies. (15, 19, 31), Furthermore, the actions 
of GLP-1*(7~S6) amide were compared witn those of 
GLP-l-(7-S7) (25, 26)- It was our aim to elucidate 1) 
whether the inhibition of gastric emptying by GLP-1 is 
dose dependent and whether it occurs also with physi- 
ological increments in GLF-l'plaBma concentrations, 2) 
whether GLP-l-{7— 36) amide and -(7—37) might differ 
with respect to their gastric actions, and S) whether, 
under these conditions, the net effect of exogenous 
GLP*1 is an augmentation of or a reduction 'in meal- 
related insulin secretory responses, I.e., if the effects on 
gastric emptying would potentially outweigh the insuli- 
notropic effects. Furthermore, these questions have to 
be answered to define the GLP-1 pj&sxna concentration 
range compatible with normal nutrition in type 2 
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diabetic patients, in whom inhibition of gastric empty- 
ing (31) may, question a potential "therapeutic" use of 
GLP-1 oV of its derivatives that has been suggested on 
the basis fits preserved, insulinotropic (18, 21) and 
glucagori-lowering (21) actions in this patient group. 
Preliminaiy results have been published in abstract 
form (20). 



SUBJECTS, MATERIALS, AND METHODS 

Study protocol The study protocol was approved b^ the 
ethics committee : of the medical faculty of Ruhr-University, 
Bochum, on October 21, 1993 (registration number 437) 
before the study. Written informed consent was obtained from 
all participants. 

Subjects. Nine healthy volunteers were studied, They were 
26 ± 3 yr old, wore 187 ± 7 era toll, weighed 79 ~ 6 kg (body 
mass index was 22,9 ±1.6 kg/m 2 ), and their hemoglobin A. c 
was 5,0 ± 0.2% (normal range, 4,0-6.2*). All had a normal 
oral glucose tolerance according to World Health Organiza- 
tion criteria (festing glucose 4.5 s OA, 120-min value 4.4 ±. 0.8 
mmol/lX None had a family history of diahetag mellitus or a 
personal history of gastrointestinal borders, Blood cell 
counts, serum transaminases, creatinine values, and triglyc- 
eride, eotal cholesterol, and high-density cholesterol concen- 
, trations were in the normal range. 

Study design* All participants were studied, in random 
order, on five occasions, J) A liquid inked meal (50 g sucrose 
' 8 j ^ nn ° ac ^' 400 1111 Aminostei, il N'-Hepa 8fc; Freeaniue, 
Bad Hamburg, Germany) was instilled intragastricaHy at 
ttme 0, Placebo (0.9% NaCl with 1% human serum albumin 
Human Albumin 20% Behxing. salzarm, Behringwerke, Mar- 
burg, Germany) was infused intravenously from -30 to 240 
mm. 2) A liquid meal was instilled intragastricaUy at time 0. 
GUP-l-(7— 36) amide, 0*4 pmcl-kg-i-min" 1 , was infused 
intravenously from -30 to 240 min. 3) A liquid meal was- 
Willed intragastrically at time 0. GLfM-<7-36> amide, 0.8 
pmol-kg-^rnui -1 , was infused intravenously from —SO to 
240 mJu, 4)Ahq_uidmeal was instilled intraga£tridaUyat^mfl 
0. GLP-H7— 36) amide, 1.2 praol-kg-Lmkri, was infUaed 
intravenously from -30 to 240 min. 5) A liquid meal was 
matilled intragaatrjcaUy at time 0. GLP-H7-S7), 1.2 pmol- 
kg" 1 « iziin-i, was infu««d intravenously from -30 to 240 min. " 
All volunteers were studied at intervals of 7-10 days. A single 
experiment was performed on one volunteer per day. 

Peptides. Synthetic GLP-M7— 36) amide and GLP-H7~37) 
were purchased from Saxon Btochemioels (Hannover Ger- 
many). The lotnumber of GLP-l-(7-36) amJde.(pharmacauti- 
cal grade) was PGAS 242; FGLP73Q9301 A, and net peptide 
content was 88%. The lot number for GlP-l-<7-a7) was 
PGAS 243, Lot ZJ 222, and net peptide content was 9V£. The ' 
peptides were dissolved in 03% NaCl/X^ human serum 
albumin, filtared through 0.2-^m nitrocellulose niters (Milli- 
pore, Bedford, MA), and stored frozen at -30 fl C as previously 
descdhed. High-performance liquid chromatography profiles 
(provided by the manufacturer) showed that the prooaration 
was >99% pure (single peak coelutfng with appropriate 
standards). Samples were analyzed for bacterial growth 
(standard culture techniques) and for pyrogens (Lirnulus 
amebocytfl lyaate endo-LAL, Chromogenix, Malndal. Swe- 
den). No bacterial contamination was detected. Endotoxin 
concentrations in the GLF-1 atock aolutions (50 ug peptide/ 
ml) always were <0.03 endotoxin units/ml. 

Experimental procedures. The tests were performed in the 
moirung after an overnight fast. Two forearm veins were 
punctured with 1 an ia-gauge Teflon cannula CMosklto 12$, 
VygoiL, Aachen, Germany), and the cannulas wore kept patent 



with NaCi for blood sampling and for GLP^i and/or 
placebo administration. 

After basal bjood specimens were drawn, at -tfo min an 
intravenous infusion of GLP-1 <7— 36) amide or -(7—37) or 
placebo (0,9# NaCl containing 1% human serum albumin) 
was started and continued for 270 min- The infttsion- rates 
were based on previous studies (15, 19) and were selected to 
raise plasma GLP-1 concentrations into the upper physiologi- 
cal (15, 19) to pharmacological range (9, 18, 21) [-2* to 4-foLd 
higher concentrations than those measured after oral nutri- 
ents (15, 19, 31>J. The infusion was begun at -30 min to 
assure elevated GLP*l-<7-36) amide plasma concentrations 
already at the time point of administration of the liquid meal. 
Blood was drawn at the time point* indicated in Figs, 3 and 4, 
and plasma glucose was determined immediately 

f^^"^' Bef ? re the atudy, a 120-cm nasogastric 
tube <CH12, Freka-Ernfihrungasonde, Freseaius) was placed 
and tape-fixed with the 'tip -65 cm from the nostrils, Gastric • 
juice was aspirated, and an acidic pH was ascertained with 
pH-senaidve Lackmua paper. The gastric lumen wee washed 
with 100 ml of water (37 fl C3.,The position of the tube was 
adjusted to allow a near-complete aspiration of instilled fluid 
The subjects lay on their backs in a seinvrecumbent position] 
with the upper half of the body 45° upright At 0 min t 440 ml 
(total volume) of the liquid test meal was instilled into their 
stomachs. It was composed of 50 g of sucrose dissolved in 400 
ml of Aminostoril Hapa Sfc (Fresenius). The amino acid 
■content. of the meal (in mmol) was 131,7 Juoleucine, 39.9 
leucine, 1S.S lysine, 2.9 methionine, 1.7 cysteine, 31.0 glycine, 
2.1 nhenylaJanin, 14.3 threonine, 1,4 tryptophan:, 34.4 valine' 
20,4 orginine, 7.2 rdstidino, 20,6 alanine, 19.9 proline, and 8,5 
serine. Acetic acid (29 A mmol) was* also contained in this ' 
commercial amino acid mixture. 

This composition of the meal was chosen because the 
solution had to be clear for the photometric measurement of 
pheool red (see description of the measurement of gastric 
emptying to follow) and should have been similar in caloric 
and nutrient content to a normal mixed meal, Amino acida 
were added to stimulate the release of cholecystoHnin (17), a 
physiological regulator of gastric emptying in humans. The 
meal contained 32 g of mixed amino adds' (131 kcal = 409fe) 
and 60 g of sucrose (196 kcaL= 60^) (20), and total energy 
content waa 327 kcal (energy density; 0,82 kcal/ml). 

Gastric emptying was measured by a 'double-sampling 
dye-dilution technique using phenol red (Merck. Darmstadt, 
Germany) according to George (7); with modifications intro- 
duced to reduce measurement error by Hurwitz (12). In 
principle! at aU time points chosen to measure gastric volume, 
a known amount of the nonahsorhable phenol red dye was 
added to the tranehicent liquid test meal in a volume of 6 to 16 
ml. After through miidng with gastric contents for ~2mdn r a , 
gastric sample was drawn, and the resulting ater>up £n 
phenol red concentrations was determined photometrically. 
The volume of gastricrcontents was determined as the volume 
of distribution of phenol red. Increasing amounts of phenol 
red were need ae the experiments proceeded to get wbII- 
measurable incrementa in optical density also in the presence 
of previously instilled phenol red- According to the expected 
rate of gastric emptying • (SO, 31), gastric contents were 
determined at intervale [see Fig. 2) over 240 miu. 

Blood specimens. Blood wee drawn into chilled tubes 
containing EDTA and aprotinia (Trasylol; 20,000 kaUikrei^ 
Inhibitor units/ml, 200 jd/10 ml blood; Bayer, Levarkusen) 
and kept on ice. A sample (-100 pi) was stored 1 in NaP 
(MicTovette CB 300; Sarstedt, Numbrecht, Germany) for the 
measurement of glucoae. After centrifugation at 4*C, plasma 
for hormone analyses was kept frozen at — 30°C. 
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Laboratory determinations. Glucose was jneasured using- a 
glucose oxidase method with a Glucose Anaryaar 2 (Beclanan 
Instruments, Munich, Germany). Insulin wns measured us- 
ing an insulin microparticle enzyme immunoassay, IMx Insu- 
lin (Abbott Laboratories, Wiesbaden, Germany). Intra-assay 
coefficients of variation were ^46&, C-peptide was measured 
using C-peptide antibody-coated microtia w e jJa (C-peptide 
MTPL EIA) from DRG Instruments (Marburg, Germany), 
f.i cm-assay coefficients of variation were «6*. Human insu. 
lln and C-peptide were used as standards. 

QLP-l immunoTeaetivity was determined in ethanol- 
extracfced plasma (final concentration, 709b) after fteese- 
drying and resaspension in assay buffer, ad previously de- 
scribed (23), by use of antiserum 89390 (final dilution 1: 
150,000) for the measurement of GLP-I-(7— 36) amide and 
synthetic GLF-l-<7— 36) amide for tracer preparation and as 
standard. Kecovery of GLP-M7-S6) amide standard* (320 
pmol/1) after alcohol extraction was 75 ± 8^. Similar recover 
iT.-i wci« seen with GLP-:u(7-37). The experimental detec- 
tion limit [2 3Da over samples not containing* GLP-l-(7— 36) 
amide] was <7 pmoI/L Approximately 10-14 pmol/1 (3^4 2 
fmol/sompie a 300 /il) displaced 60S& of labeled GUM-tfL 
36) amide. Antiserum 89390 binds to the ami dated carboxy 
terminus of GUP-l-<7-86) amide (25, 26), When GLP-H7-37) 
was infUsed, measurements ware performed with antiserum 
2136 (final dilution. 1:150*000). This antibody binds to the 

' nrvT^Zi?^ ^ d ™* ct * ^ "i** a^ty both 
GLP-l-(7-36) amide and -(7- 37) (25, 26). The experimental 
detection limit was <5 pmol/I. Approximately 2S pmol/1 (8 4 
taoVaampIe) displaced S0% of labeled GLjC^U7-36) amide 
or -<7-~37). GLP-1K7-37) values wore normalized for the 
concentrations measured with antiserum 2135 durbiff infu- 
sion of the highest dose of GLF-l-(7-S6) amide, 1.2 
hmoa Sf?r l, r WhI6h wer<1 mCB ^ed using both antl'sera 
£cL Jntra-aaeay coefficients of variation were 

Pancreatic glucagon was assayed in ethanol-extractod 
cnfini S ^ e Procedure as described for GLP-1, recovery 
60 _ io%) by use of antibody 4306 (10 J. The detection limit is 
T~ Pm^W, and the intra-asaay coemcient of variation is <6% 
"? ^ working raxige Oialf-mascfmal displacement of labeled 
glucagon at -14 pmol/1). 

« Ph 2j£ r * d iz ] f contents was assayed photometrically 
5r tlirou « h ^ tetr P a P e «" (1°0 /d in 2 ml Na 4 HPOV 

NaH a PO^ buffer, 0.6 mol/1, pH 3.0) at a wavelength of 546 n£ 
bSfer) afittiMt a sta3 ^d curve (phenol red in phdaphate 

Chloride in samples of gastric content was measured usinr 
C £ £ me ^ r (Ciba-Cornin^, Munich, Germany). 
Each patient's set of plasma samples waa assayed at the 
same time to avoid errors due to intarassay variation. 

Statistical analysis. Results are reported as means t BE 
integrations were carried out accordin ff to tha trapezoidal" 
rule, with separate calculations for increments above and 
decrements below baseline. Meal-related responses were 
caioulated over true baseline values (as determined at -45/ 
■ »30 nun of Figs: 2 and S) F becauae GLIM administration 
changed values determined at 0 ywin, 

Insulin secretory rates were calculated uain& "deconvolu- 
oyn analysis and a two-aompartment model for C-peptide 
kinetics described by Eaton et ah <4) and PoWky et al. (27). 
The software I8BC (version 2.0) was kindly provided by Dr. R 
Hovorka, Centra for Measurement and Information in Medi- 
cina, ^artmant of Systems Science, City University, Lon- 
aon, UK (11), This software uses standard kinetic race 
constants <A lf and A a ) for the transition of C-peptide 
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between compartments or the loss of C-peptide from compart- 
ment 1 based on age, gender, body length, and weight (11) 

Chloride output was estimated for each sampling interval 
and related to the geometric mean of gastric volume mea- 
sured at the beginning and end of each period. 

AH statistical calculations were carried out using repeated- 
measures analysis of variance .CANOVA) with NCSS Version 
5,01 (Jerry Hintze, Kaysville, UT). If a significant interaction 
or treatment and time was documented (P < 0.05), values at 
singlo time points were compared by dne-way ANOVA, fol- 
lowed by Student's f~test (paired analyses) if? values were 
<;0.05. P values wera corrected for the number qf comparisons 
made, according to Bonferroni-Holm. A corrected two-sided P 
value of <0,05 waa taken to indicate significant differences. 

RESULTS 

Plasma GLP-1 concentrations. The liquid mixed meal 
raised plasma GLP-1^7-36) amide concentrations from 
basal ~ 6 pmol/1 to 11.6 * 1.6 pmol/1 at 30 min, with a 
'return to baseline values at -150 min, Steady-state 
plasma concentrations during the exogenous adminis- 
tration of GLP-l-(7 -36) amide were ~ 25, 36, and 51 
pmol/1 for doses of 6.4, 0<8 7 and 1.2 pmol-kg^mirr 1 
reached 15-60 min after start of the infusion (Table 1). 
In any case, clearly elevated concentrations were al- 
ready achieved at* the time point of liquid test meal 
administration (Fig. 1, top), Plasma levels during the 
infusion of GLP-l-(7-37) were comparable to those 
obtained with the same dose of GLP~l-(7— 3S) oroide: * 
Directly measured steady-state concentrations as dete> 
, mined using the nonspecific antiserum 2135 were 87 ■+■ 10 
pmoW £GLP-1K7-37)J and 93 £ 6'pmol/I [GLP-l-(7-37)J. 

Gastric emptying. With placebo, gastric volume de- 
clined over 120 min to a residual value of 54 £ 18 ml, 
with half-emptying occurring at 45-60 Tnin. Under the 
influence of exogenous GLP-K7-3S) amide, gastric 
emptying was dose dependency decelerated (Fig, 2). 
Even the lowest dose studied, 0,4 pmol-kg-^min-* 1 , 
significantly slowed gastric emptying. Effects of GLP-1- 
( 7 ~ 37 > were similar to those of GLP-1~(7— 36) amide, 
With the highest dose, gastric contents remained at 
,sa 250 ml 240 min after tha meal was instilled, " 

Plasma glucose. The liquid test meal caused an 
increment in plasma glucose with placebo (Fig.-3, top ). 

Table 1. GLP-2 steady-state concentration? and 
premeat glucagon responses during iv GLP-l-?7—36) 
amid* or -f 7 -37) 



QLP-l Mblwulor Form 



Dost, 
ptiiu) *Xr* J 'TTiin" 



Placeco o 

(7-36) Amide o,«t 

(7— 39) Amide 0.8 

(7— 8&) Amide i 2 

(7-S7) ii 
Dirofltlon (from baseline) 
P (ANOVA) 



Steady-State PraprandiaJ 
OLP-L Glwaffon' 
Concentration, HospotMes. 
prooUl •pftioM-t-min- 



7-1 
26 = 3* 

51-4* 

47 ±6* 

0.0001 



-15±S 

-46 -r* 

-72 ±17* 

(negative) 
0.012 



VatuM xwwuw saE;n = 9 si^jocta. Gluoatfoa rMponoea were 
datannlned In basat state befom 15 infltillation of a liquid mixed meal. 

gluciigop*Uiw pet>t3<3& 1. *Slenificantly different (P<0.05 by 
f-eest) from placebo, ■ 
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Fig. 1. Plasma concentrations ofgdacHgtm-likc peptide 1 (GI^P-l, top) 
and glucagon (bottom) (means ± $E) during Jv (nfustaa of 
GLP-l-<7-.3(5) amide or -(7-37); ayraboU'shqw diJTerent doses in 9 
healthy male volunteers, * Significantly different (P < 0.05 by paired 
f-tcat) {ncrajnanta vs, baseline values with lv placebo. Box, duration 
ofmfualon of GLP-l/plaeaho, 

With GLF-H7 — 36) amide or -(7— 37), glucose cgjicen- 
trations 9tarted to decline when the exogenous (intrave- 
nous) administration was initiated. Also, meal-related 
increments in glyceraia were reduced or abolished, 
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Fig-. 3. Plasma concentrations of glucose (top), fnmtiln (middle), and 
C-peptt^ettotoffi)(mfiana z SB) during 1 ivinluaion orGLP-H?— 30 
amida &r -<7— 27); symbols show different dasee in '9 healtby male 
volunteara. P values represent interaction of experiment (placebo/ . 
GLP-D and time ae caiculeted by RM-AMOVA. Box> duration of 
infuaionof GXiP-l/pIacebo t 



reapectively, dependirif on the dose of GLP-1 adminis- 
tared {Fig. 3). 

, Insulin secretory responses. Inaulin and C-peptide 
increased during the infusion of GLP-l-(7— 36) amide 
(starting at -SO min) or, in the placebo e2fperiiaent i " a ^ er 
tfae liquid meal was instilled (0 jnin) CFig. 3% Meal- 
related increments in insulin andO-peptide (from 29 2: 
2 to 325 i 73 pmol/1 at 45 min and from 0.42 ± 0.04 to 
1,46 ± 0_16 nmol/1 at 60 min, respectively, with pla- • 
cabo). however, were reduced rather ***** enhanced by 
the simultaneous administration of G-LP-l-(7— 37) 

was as efifeetive as GLP-l-(7— 36) amide. This reduc- 
tion in meal-related Integrated Increments (Table 2) 
was significant in the case of insulin responses (P 
0.01) but fcot for C-peptide measurements CP = 0.19). 
However, C-peptide responses clearly did not- increase 
because of the administration of GLP-1, Both insulin 
and C-peptide tended to remain elevated by the end of 
the experiments with the highest doses of GLP-H7— 36) 
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51.1*7.7 



OA 



O.B 



8.9 ±<l.** 
252 = 53* 



4,2*3.4* 
7B3±&T* 



Glucose, HnnoI'l" l -min* 1 

Insulin 

Preprajidla],poiol;]"«;ajla- 1 2.4^1.8 «« = 5W -- 

Cpeptidcpniol-l-^mlD^ 5.6-2.1 
PrepraDdjaJ 0.1 = 0.1 2.8 ±0.7* 



1,2 



GLP-U7-37). 
pmel'k^-^iala-i 

1.2 



B986 



Significance 
pfDlffiirwico, 
PtANOVA) 



. 4-0*2.9* 

1013=150* 
7.3=1.8* 

9.2 ±0,7* 
54.7 ±13.9 



8.4 ±6.2* 

1194 ±208 
6.0±2,2* 

3,3 ±1.5* 
51.8 = 9.2 



<0.0001 

<Q.OC01 
. 0,01 

<0.0001 
0.19 



amide and -(7-37) but returned to basal levels with 0.4 
.-and 0.8 pinol-kg-i-mirr* GLP*l-(7-36) amide (Fig- 3) 
I icegrated insulin secretory responses (Fig. 4) ^Jso 
showed a preprandial stimulation but a tread to a 
postprandial reduction due to GLP-1 (P « 0,10). 

Pancreatic glucagon* In the placebo study, there was 
a clear meal-related response of glucagon (Fig L ' 
bottom). Exogenous GLP-I dosa dependency reduced 
glucagon before the liquid test meal was instilled (-30 
to 0 min) and blunted meal-related increments. 

Symptoms, In some volunteers, abdominal discom* 
fri*t was reported during the high-dose GLP-1 infu- 
sions, typically at time points when phenol red was 
mixed with gastric contents. 

Gas/r£c chloride secretion. Chloride output increased 
after the intragastric instillation of the .liquid meal 
(.Fig. 5), A rapid increment waa followed by a more 
sustained stimulation; With GLP-1, the early chloride 
output was reduced. This, however, was significant 
only for the lowest dose (P - 0.02). Later in the time 
course, chloride output was enhanced by GLP-1 At 

tu** ^? ohs±s \ more £ astric content was present 
when GLP-1 was administered (Fig. 2). . 

DISCUSSION . 

The physiological incretin role for GLP-1 was de- 
duced from experiments shewing glucose-dependent ' 
SlKSK ?? U 5 n flecretiott Paused pancreas 

* as admzmstered together with GLP-1 in doses leading 
t- cloae-to-physaological plasma concentrations. More 
*f centiy, maulin responses to oral {29) arintraduodenal 
U4> glucose in rats were shown to be reduced by a . 
specific GLP-1 receptor antagonist, eaendin^S— 39) 
^xperimenta in humans to explore effects of exogenous 
Ul^-l adminiatered together with a meal have been 
reported only in type 2 diabetic patients (31) or We 
not i specifically examined the consequences of deceler- 
ated gastric emptying on postprandial glucose, insulin, 
and glucagon responses (3, 8, 9, 18). 

The present results demonstrate that GLP-1-C7— 36) 
amide and *(7-37) have a aimilsx, profoundly inhibi- 
tory effect on gastric emptying of a liquid.mixed test 
meal m healthy, normoglycemic volunteers (Jig. 2) and 
that the effect of GLP^l on gastric emptying ; is dose 
dependent and highly significant alec, with physiological 
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Pig. 4 InauJwi secretion rate* (top) and Integrate Incremental 
lttsjjui secretory raspoiiaea during preprwidial (^30 to. 0 min; 
WUdrfte) and pe*tnraTidial (0-240 min; pottom) periods duriflff Iv 
fftftision of Afferent dose 5 of G-LP-i:(7-36} omid* or -<7-S7) VftLoa 
ore meana of data from $ healthy mule volunteer SEs were up to 
l&ttr of mean values (not ahown). Symbols are as in Figs 1-3 P 
vaJu*a rtpreayni interaction of eacpftdmcnt (plac*bo/GLP-I) and rime 

oncea </> < O.Ofi tay Studantfa f-teat) from expattmenta with placebo. 
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of GLP-l-(7-36J amide, or -(7-37); values are zpeaus £ SE of $ 
1^ maJa vohmtaar* P values nsprroent interaction of caperi- 
went ]plaeaWGLP-l) and dm© as calculated byRM-ANQVA. ♦Signifi- 
cant ttff*™*^ <? < 0,05 by Student t-tes® ftom oxporimeote with 
SFS^ii* ^ ldiv1duaJ t** 1 * B OTj duration of infusion of 

concentrations -25 pmoJ/1 (Pigs. 1 and 2). In the 
present study GLP-l-(7— 36) amide concentrations aft 
ter intragastric inatUlafcian of a liquid test meal were 
only -12 pmol/1, but in previous experiments involving 
normal mixed meals, but using the same assay method- 
ology [antiserum 89390 (25, 26)], postprandial GLP-1* 
(7—36) amide concentrations were stimulated to 21 ± 4 
pmol/1 with the same test meal in type 2 diabetic 
patients (31). This shows that the plasma level of 
GLP-1 achieved by the lowest infusion rate of GLP-1- 



(7-36) amide (0.4 pmol-kg^-min- 1 ), in line with 
previous studies (IS, 19), is similar to approximately 
postprandial increments in GLP-l-(7— 36) amide 
■ plasma concentrations. Therefore, like cfaolecystokinin' 
(17), GLP-1^<7— 36) amide seems to. effectively deceler- 
ate gastric emptying even at physiological plasma 
concentrations. 

Because the dye-dilution technique used in the pres- 
ent experiments measures ofcly gastric volume and not 
duodenal delivery, differences in intragastric volume 
curves could be the result of differences in gastric juice 
secretion during the experiments. GLP-1 has been 
shown to reduce pentapstrin-stimulated gastric acid 
secretion (22, 28). A priori, increasing doses of GLP-1 
would be expected to decrease intragastric 'volume 
rather than the opposite. Therefore, tke differences in 

• the gastric volume (Fi&. 2) can mainly ba ascribed to 
effects on gastric emptying, which, if anything 1 , are 
likely to be somewhat underestimated. On the basis of 
chloride secretion rates (Fig. 5)> there were only mar- 
ginal changes in gastric acid secretion due to GLP-1 
administration. Therefore, the differences in gastric 

, volume- observed (Fig. 2) can mainly be ascribed to 
effects on gastric emptying itself. 

In contrast to experiments with subcutaneous admin- 
istrations of GLP-1, which lead to a short-lived eleva- 
tion of GLP-1 plasma levels (8), 'the deceleration of 
gastric emptying with intravenous GLP-1 lasts as long 

, as plasma GLP-1 concentrations are elevated, both in 
type 2 diabetic patients (31) and in healthy subjects 
(this study). 

In line with previous studies (15/ 19), there was a 
significant and dose-related effect of exogenous GLP-1 
. on insulin (Figs, 3 and 4) and glucagon (Fig. 1, bottom) 
concentrations in fasting normal subjects, leading to a 
reduction in fasting glycemia. Again, this produced no 
clinical hypoglycemia, even at pharmacological doses, 
Surprisingly, however, postprandial insulin and gluca- 
gon responses were unchanged or diminished by the 
administration of GLP-1, and not enhanced, as would 
be expected for an incretin hormone (2). This is moat 
likely explained by the inhibition of gastric emptying 
(Fig. 2), which slows the transit of nutrients into the 
duodenum and jejunum, where the absorption of glu- 
cose, fructose, and amino acids takes place, as is clearly 
illustrated by plasma glucose concentrations that re- 
mained below basal levels in all experiments involving 
exogenous GLP-1 (15, 19). Because the mechanism of 
GLP-l's insulinotropic effect is to potentiate substrate- 
induced secretion, it is understandable that the insulin 
resepanse decreased despite increased GLP-1 concentra- 
tions. 

If one accepts the conditions, of this study (a liquid 
mixed meal) as physiological, the results challenge a 
physiological incretin role for GLP-1. Because there are 
differences in the regulatiqn of gastric emptying of 
liquid and solid meal components, which may be differ* 
entially affected by agents that regulate the velocity of 
emptying, the present resulte should be reproduced 
with a meal also containing solid components. How- 
ever, in the study by Gutniak et a L (9), even- with a 
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normal test meal, reduced meal-related insulin and 
glucagon responses were described in normal volun- 
teers receiving an. intravenous infusion of 0.75 
pmol ;ks~ x -min- 1 GLP*l-<7-86> amide* In their study, 
gastric emptying was not measured directly; 

Because with nutrients administered into the lower 
small intestinal lumen inhibitory effects on upper 
gastrointestinal functions le.g., gastric emptying, antro- 
Quodenal motility, exocrine, pancreatic secretion (16)] 
have been documented, the main physiological rola for 
GLP-X maybe par ticipation in the "ile al brake" me a- 
V. This would else 1 ™ — 



jwsm (16). J rhis would also bemore compatible with its 
main localisation, the ileum and colon/rectum (S\ The 
importance of the other incretin hormone, GIP, would 
then be strengthened by th$ present results (15, 19) 
GIP 7 in contrast to GLP-1, does not inhibit but rather 
■iccelerates gastric emptying slightly (5). Furthermore, 
physiological replacement . doses of. GIP in healthy 
human subjects almost reproduce insulin secretory 
• * responses during physiological hyperglycemia to levels 
observed after oral glucosa stimulation (19). 

There has been concern about the almost total inhibi- 
tion of gastric emptying caused by exogenous GLP-1- 
(7-36) amide (1.2 pmoMcg-J-min-i) in type 2 diabatic 
patients (31). It could be extrapolated that, . during 
attempts to reduce grycemia through the ineulinotropic 
and glucagonoatatic actions of GLP-1, nutritional prob- 
lems or side effects could be caused by the inhibitory 
actions, of GLP-1 on gastric emptying if pharmacologi- 
cal concentrations are maintained throughout the day. 
Th present results show that a reduction in therapeu- 
tic plasma levels to those achieved by an infusion rate 
of 0,8 pmol -kg^-min- 1 leads to nearly complete-gastric 
emptying after 240 min (Fig. 2). Because 1.0 to 1 2 
pmol'kr^min- 1 GLF-l~<7-36) amide or ^(7-37) ^ 
fused intravenously completely normalised fasting hy- 
perglycemia in type 2 diabetic patients within 3-4 h in ' 
recent studies (21, 31), a slight reduction In dosage to 
0.S pmol-kg-^min^ 1 can still be assumed to be effec- 
tive. It may be suggested that the partial inhibition of 
gastric emptying observed with this dose may add to 
the therapeutic effectiveness of GLP-1, because-slowing 
nutrient entry into the circulation by dietary measures 
or a-glucoeidase inhibition is an established principle 
m the therapy of type 2 diabetic patients, 
■ In conclusion, the present study demonstrates I) a 
dose-dependent inhibitory effect on gastric emptying 
of a liquid mixed meal by exogenous GLP-1 in healthy 
volunteers that was similar in magnitude for 
GLP-H7— 36) amide and ^(7-37). 5) *At aH GLP-l 
plasma concentrations studied, including a physiologi- 
cal replacement dose, meal-relatsd jn ^Tjp secretory 
responses wars diminished rather than enhanced, em- 
phasizing GLP-l's functions as one of the hormones of 
the ileal brake mechanism. S) It should be carefully 
srudied whether GLP-1 may bo administered as a 
therapeutic agent in type 2 diabetic patients during 
meal ingestion. It must be made certain that the dosage 
. and plasma levels are in the rang* that leads to only a 
partial inhibition of gastric emptying. 
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